Camera calibration: estimation, validation and software by Personnaz, Matthieu & Horaud, Radu
HAL Id: inria-00069916
https://hal.inria.fr/inria-00069916
Submitted on 19 May 2006
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.
Camera calibration: estimation, validation and software
Matthieu Personnaz, Radu Horaud
To cite this version:
Matthieu Personnaz, Radu Horaud. Camera calibration: estimation, validation and software. [Re-









ap por t  
     t e ch n i qu e 
THÈME 3
INSTITUT NATIONAL DE RECHERCHE EN INFORMATIQUE ET EN AUTOMATIQUE
Camera calibration: estimation, validation and
software
Matthieu Personnaz — Radu Horaud
N° 0258
Mars 2002
Unité de recherche INRIA Rhône-Alpes
655, avenue de l’Europe, 38330 Montbonnot-St-Martin (France)



















&-J ²	&! "#$&%   















 ´  ´   ¸ ¹ 
?a r¨O[Z},`?mZQ`lYZMOQPRQYZMO`¢n ### 
?  ­`?PR}O¢Y]\lYZ_j`fW`l	YZMOQQ*muY]_aPe\lYZ`f[\fWhn'YZMOQOW2^Q[ZY]\f_aW:Yu©%## 
? Oa ­`fPR}O¢Yg\YZ_j`fW`l !#" ### 
? O  ­`fPR}O¢Yg\YZ_j`fW`l%$'&### 
? S « \5©RYZ`ePRQ*\fmZO[ZQ ### (
? Sha )#QWOQ3[]\f²[ZOjQ3m ### (
? Sh  =\lY]\R\f^3~?h_jmZ_¯Y]_a`?W ### (
?  wWh^Q3[Yg\l_jW:Yu©J\lWhn'WoOP&¤,Q[w`lPRQ*\fmZO[ZQ*m## *
? 2a *{` Y]`en¢Q3^[ZQ*\fmZQwY]MOQOWh^Q[ZY]\l_jW:Yu© ## *
? 2  *{` Y]`R}O[Z`¢^Q3m]m_¯Y]M¬\Q3 PRQ3\?mh[ZQ*m ## *
?  « W¬Q°O\lPR}OjQ ### *
+-,  /. ¹0. µF¸#1   ´  ´   ¸ ¹ 2
Oa r¨O[Z},`?mZQ #### ?
O  )#[g\l}hMO_j^\?n5tuhmYZPRQW:Y ### ?
O Oa =\lY]\R\f^3~?h_jmZ_¯Y]_a`?W ### ?
O O  LMOQ}O[Z_jWh^_a}OjQ ### 5
O O S LMOQ\fn5tuhmYZPRQ3W?Y### *S
O S LMOQ4365#Y]Q3mYb### 
O Sha 7o}2Q*^_2^\lYZ_j`fW`l	YZMOQY]Q3mY ### *
O Sh  ­`fPR}O¢Yg\YZ_j`fW`lCn¢Q*^_qm_j`fW\l[]_j\f¤OaQ0## 8(
O  « Wh\lj©¢m_qmF#### 8(
9;:  ´ =<a> 6.8¹ ´ +@?
Sha LMhQ}h\lWOQ3¸#A¸ ### CB
Sha?a LMOQ¤O¢YY]`fWEDA . ### CB
Sha?  LMOQ¤O¢YY]`fWGF ¢ ### CB
Sha? S LMOQ¤O¢YY]`fWGHIA KJ ### CB
Sha?  LMOQ¤O¢YY]`fWGH· . 3  ### CB
Sha?  LMOQ¤O¢YY]`fWGH CL ´ª### CB
Sha? B LMOQ¤O¢YY]`fWEMON . ### CB
Sh  LMhQ}h\lWOQ36H  ´  ´o¸ ### P
Sh Oa LMOQ¤O¢YY]`fWEDA . ### P
Sh O  LMOQ¤O¢YY]`fWGF ¢ ### P
Sh O S LMOQ¤O¢YY]`fWGHIA KJ ### P
Sh O  LMOQ¤O¢YY]`fWGH CL ´ª### P
Sh O  LMOQ¤O¢YY]`fWGH· . 3  ### P
Sh O B LMOQ¤O¢YY]`fWGH(´  ¸2A ¹ ### f
Sh OQ LMOQ¤O¢YY]`fWEMON . ### f
Sh S LMhQ}h\lWOQ36R  .  ### f
S@T'UVXWZYZ[Z\
   2# 	
	
Sh Sha LMOQ¤O¢YY]`fW J ´PA ### C(
Sh Sh  LMOQ¤O¢YY]`fWEMON Ol ### C(
Sh Sh S LMOQ¤O¢YY]`fW  ¢*  ### C(
Sh Sh  LMOQ¤O¢YY]`fWGR  . ¢ ´!### S:
Sh Sh  LMOQ¤O¢YY]`fWEMON . ### Sf
Sh  LMhQ}h\lWOQ3 M J . J ¸ 8¢ ### S:
Sh 2a LMOQ¤O¢YY]`fW .3 ### S:
Sh 2  LMOQ¤O¢YY]`fWGH(´  ¸2A ¹ ### S B
Sh 2 S LMOQ¤O¢YY]`fWEM J0.J ¸ 8¢ ### S B
Sh 2  LMOQ¤O¢YY]`fW X. ### S B
Sh 2  LMOQ¤O¢YY]`fWGH 3¢8. 3 . ? ### S=
Sh 2 B LMOQ¤O¢YY]`fWEMON . ### S (
Sh  LMhQ}h\lWOQ3 0. 8¹ ### :
Sh Oa LMOQ¤O¢YY]`fWEM J0.J ¸ 8¢ ### :
Sh O  LMOQ¤O¢YY]`fW  5 A  J ¸  ´### :
Sh O S LMOQ¤O¢YY]`fW .3 ### 2
Sh O  LMOQ¤O¢YY]`fWGH(´  ¸2A ¹ ### 2
Sh O  LMOQ¤O¢YY]`fW ¢5.  ### :S
Sh O B LMOQ¤O¢YY]`fW   ¸ ¦¢8.  ### o
Sh OQ LMOQ¤O¢YY]`fWEMON . ### PB
Sh B LMhQ}h\lWOQ3 KJ ### K
Sh Bha LMOQ¤O¢YY]`fWEDA . ### K
Sh Bh  LMOQ¤O¢YY]`fW  5 A  J ¸  ´### K
Sh Bh S LMOQ¤O¢YY]`fWGH· . 3  ### K
Sh Bh  LMOQ¤O¢YY]`fWGF ¢ ### K
Sh Bh  LMOQ¤O¢YY]`fW  KJ ### K
Sh Bh B LMOQ¤O¢YY]`fWGHIA KJ ### :



















_jkfh[ZQRC¸ J8. ?  ´=A  ´  
U 	i\lW2nR\f[ZQ[]Q3mZ},Q3^Y]_a?Qj©¡Y]MOQ`¢^\fn¢_qmY]\lW2^Qfi2YZMhQ&MO`?[Z_j£`?W?Yg\l(\fWhnYZMhQ&fQ3[Y]_j^3\l	mZ^3\ljQ
 \?^Y]`f[gmioQ#M2\5fQ
       u
     8
	 QY !#"" ¤,QYZMOQ^`o`f[gn¢_aW2\YZQ*mio_jWYZMOQ_jPe\lkfQ[]QQ3[ZQ3Wh^Q?i¢`l(Y]MOQ`f}OYZ_q^\l^QW:YZQ3[3
©¬hmZ_aWhkJY]MOQb^3\lj_a¤h[]\lYZ_j`fW m=mZ`lYu\l[]Q¡Xg¢iKQ&Y]`o`f®Yu­`'}O_q^YZh[ZQ*m=`fsYZMhQbmZ}2Q*^_q\lacd}hO[Z},`?mZQ^3\lj_¯c
¤h[]\lYZ_j`fW¡`?¤¢tuQ3^Y3i:YZMOQ#}O_q^Y]O[ZQ*m¨¤,Q_jWOkR\fm]m`¢^_j\lYZQ3nbY]`&Yu`nO_ KQ[]QW:Y}2`:m_aYZ_j`fWhm­`l(YZMOQm},Q3^_j\f2`?¤¢tuQ3^Y3
h[Z`?P Y]MOQeYu`_aPe\fkfQ3m3i\fWhn±\lj\5©om_aYZMªXgOiQ¡},Q[Z`f[]PbQ*nyYZMOQ'PbQ*\fmZO[]Q3m`l  !2"!"" $#yQ
\fjmZ`b`f¤¢Yg\l_jWOQ3n²ih_aW}O_a°oQ3jm3i¢Y]MOQYu­`b}h\f_a[gm%&('!)*',+ - . )
/+0/  \lWhn12'3 . + - "4 /-,+ -  
	 QY{WO`fYZ_q^Q#YZM2\YYZMhQk?\l}¤,QYuQQW'YZMhQPbQ*\fmZO[]Q3mQ°O^Q3Q3nOm*b}O_¯°¢Q3jm`?[ !2" \fWhn'S?b}O_¯°¢Q3jm`?[ " 
*w`®fQ3Q}\'mZ_jWOkfjQR}h\l_j[#`f[WOQ°oY}O[]`¢^Q*mZmZQ3m65ªU ­Qb®fQ3Q}\J}2\l_j[3iM2\Y_jm#Y]MOQe}O[]Q3^_qmZ_a`?W`l­YZMOQ
^`o`f[gn¢_aW2\YZQ*m75
UXW\fW¬Q°¢}2Q3[Z_jQW2^Qfih­Q®oWO` YZM2\YYZ`Jkf_jfQ\emZ_aWOk?aQ}2\l_j[ ! "  "  _jW¬`f[gn¢Q[{YZ`¡n¢QhWOQY]MOQ},`?mZ_¯Y]_a`?W
`fsYZMhQb`?}¢YZ_q^\f	^QW:YZQ3[Mh\fm=WO`PbQ*\lWO_jWOk2&LMOQRn¢_jmYZ[]_j¤O¢YZ_j`fW2m=`f ! " \fWhn  " \l[]QY]MOQR[Z_jkfM:Y#\5©YZ`
nOQ3m]^[]_a¤,Q#YZMOQ3P
LMhQm]\lPRQ[]QPe\l[]®¢m^`fOqn'¤2QPe\fnOQ`f[YZMhQ}h\l[g\lPRQY]Q[gm89¡\fWhn:9o
7¢`YZMOQ h[]mY'mZQ3^YZ_j`fW `lYZMh_jm'n¢`¢^OPRQW:Y¬\l_jPRmJ\YJQ*muY]_aPe\Y]_aWhkhi`f[JQ3\f^gM }h\f[]\fPRQYZQ3[3iY]MOQPRQ3\fW
S@T'UVXWZYZ[Z\
B   2# 	
	
`fs_¯Ygmn¢_jmYZ[]_j¤O¢YZ_j`fWy\lWhny\lW_jW:YZQ[]\lYZ`'MO_j^gMYZMOQbPRQ3\lW}O[Z`?¤h\l¤ha©¬¤,Qj`fWOk:m#LMOQQ*muY]_aPe\lYZ`f[gm{`f








      e$
L`¡mZ_aPR}Oj_¯©Y]MOQWO`fY]\Y]_a`?Whm3iOYZMhQPRQYZMh`onn¢Q3\fjm`?WOj©J_aYZM Y]MOQ&^`o`?[]n¢_jWh\lYZQ !#" LMOQPRQY]MO`¢n ^\fW
¤,QQ°oY]QWhn¢Q*n'YZ`bYZMOQ}2\l[g\lPRQY]Q[gm " i   \lWhn:  
 
	 
LMhQ#}hO[Z},`?mZQ`l	YZMOQPRQYZMO`¢n_jmY]`¡n¢Q3m]^[]_j¤2Q#YZMhQ^`o`f[gn¢_jWh\Y]Q !#" OWhn¢Q3[YZMOQ`?aj`_jWOk&`?[ZP ! ! "  ! "" $'&
_aYZM \ \f^Y]`f[`f[]_jmZ®   S!
U K­QWh`lYZQ$#'YZMOQPRQ*\lWR`l2YZMOQk:\lhm]m_q\lWj\5¥`fja`Q3n¤o© ! " iP! " _qmC\lWRQ3mYZ_jPe\YZ`?[-`l%#C9#!Q{^\fa
$'&YZMOQOW2^Q[ZY]\f_aW:Yu©R`fW ! "  	 QYWh`lYZ_q^Q=YZM2\YYZMOQOW2^Q[ZY]\f_aW:Yu©e_qmMOQ[]Q#WO`lYQ3~:h\f2Y]`bYZMOQmY]\lW2nO\l[gn
nOQo_j\lYZ_j`fW
#ª_aYZM mZh^gMWO`lYg\YZ_j`fW2mioY]MOQm©¢mYZQ3P u?a PbQ*\lWhm 
& '#
(*) !#"  $   !#"+ $-,   /    
LMOQj_j®fQj_jMO`o`on'`l.#¤,Qj`fWhkf_jWOkbYZ`RYZMhQ#_jW:YZQ3[Z\l) ! "  $   ! " + $-,²_jmQ*~:h\lKY]`:/  ­
LMhQ PbQYZMO`¢nªn¢Q*mZ^[Z_j¤,Q3n _aW Y]MO_qm¡n¢`¢^OPRQ3W?Y'_jm¡\2mh\f{PRQY]MO`¢n²<U Y'\?mZmZOPRQ3mbY]Mh\YJYZMOQn¢_qmYZ[]_¯c
¤h¢YZ_j`fW'`lY]MOQ=\f[Z_q\l¤OjQ !#" _qmk?\fhmZmZ_q\lW¡\lW2nehmZQ3m­YZMOQ=`fjj`_aWOk}O[]`f},Q[ZYu© (YZMOQmY]\lYZ_qmuY]_j^=L `fja`{m
Y]MOQ 7:Y]hn¢QW:Y  mq\5<_aYZM¬W¢cgn¢Qk?[ZQ3Q=`f[]QQ*n¢`fP¬CL ¤2Q3_aWOken¢QhWOQ*n\?m%
/ 10  #243 8
MhQ[]Q 0 _jm{YZMOQ&Q°¢}2Q3[Z_jPRQW:Y]\f(\5fQ3[]\fkfQ\lWhn 253 YZMhQQ°¢},Q[]_aPRQW:Yg\l(mY]\fWhnO\l[gn¬n¢Qo_q\Y]_a`?W`f 0 U 6 _qmY]MOQ&WoOP¤2Q3[{`lCPRQ3\?mO[]Q3mw\lWhn87 !:9<;="  !:9 5 ="  + +0+  !:9?>$="A@ YZMOQ&mZQY=`l-YZMOQB6 PbQ*\fmZO[]Q3m`f ! " i2YZMOQ\f[Z_q\l¤OjQ3m 0 \fWhn 243 \f[ZQn¢QhWOQ3n¤o© 
0  /6 >C D?E ; ! 9
D
=" B!
2 3  /6 F6  /  >C DGE ;  !H9
D





   2# 	
	
  +  R&¸  J (*¢ . ¸2A ¸#1 !2"
LMhQ#Q°¢}2Q3[Z_jPRQW:Y]\f\5fQ[g\lk?QwP _jmY]MOQ¤2Q*muY{Q*muY]_aPe\lYZ`f[`f ! " %7o`RQ[Z_aYZQ!





  +  + R&¸  J (*¢ . ¸2A ¸#1O$'&
L`e^`?Pb}h¢YZQ $'&i:QhmZQ=Y]MOQ`f[]P&hj\ 
$'&  2 3	 
 (!253 Mh\fm¤,QQ3W \lj[ZQ*\fn¢©JnOQ hWOQ*nJ_jWYZMOQ 2[]mYwmQ*^Y]_a`?W 




="  0  5 3!
 	 
 _qmYZMhQ 7:YZhnOQW:Y mw^`:Q¡^_jQW:Y3 « YZQ3[ O°¢_jWOkRYZMhQ \f^YZ`f[w`l-[Z_qm®:¥\fWhn¬mQYYZ_jWOk  6  /fiQQ3mYZ_jPe\YZQ 	 
 YZM2\lWO®¢mYZ`bY]MOQ`fja`_jWOkbY]\f¤OjQ
 h  h B O  O  h S h  Oj O ? O O

 h S:f OlP f ff ? S=B ? ( BfS SO Pl BO SO 5¢ B B?SO B?P
 h fC( O BO O O B ?  BO ? S?CB f f B ¢ (?l 2 S?fS (O (?f
S h PC O lf OB? h (= ? ?l f BfS? ¢ S?lS Sha*? ¢ lh
 h Po O B ( O5h h (fh ?a8(f f lS?S ¢j3S? OQ B h Bfl
 h CBP O fC( Ol  h (:l ?a5B f =B ¢ O* O Po h fS?
B h CB? O ffS Oo3 h (?CB ?a*Sl f f: f (l?S O ?= SOP
 h CBfS O P( Oof h  (CB ?a? ( f h5 f C(? O S B? SO  (C(
 h CB? O PB OCB h ?C( ?a*f f SC(= f CBf O S?CB SO S?f
( h CBO O :S OfS h ?fS ?a*f f Sf?S f fSCB O CB? SO fl
* h CBf O o Of h =( ?  (fS f SPf f O* O ?l SOj BC(
? h CBf O : O BC(P h =B ? ?f f SCB?S f(CB O fO SOj3CB
5 h ?( O lS ( O BC(? h =S ? ?fS f S?CB f? Oa( SO ?f
*S h ?( O lS? O BC(l h = ? =( f S?f fCo Oa8Bf SO O*
3 h ?l O lS= O BC(? h  Bf ? =B f Slo fBO Oa3: ¢ (PC
5 h ?l O lS B O BC(O h  BCB ? =5 f Sl2 fllS Oa*S? ¢ (l=
8B h ?l O lS: O BC(f h  B? ? =o f SfS= f5 B Oa5l ¢ (?¢
 h ?  O lSf O BfC( h  BfS ?  BC( f SfS?S f5? Oa?3 ¢ C(f
* h ?  O lSf O Bff h  B? ?  BP f SfS? fSl Oa*O ¢ P
8( h ?  O lS?S O Bff h  BO ?  BCB f S?f fl( O  (fS ¢ CBO
f h ?  O lS?S O BfP h  Bf ?  Bl f S?? flf Oi ?CB ¢ l:
S? h ?B O lS? O BffS h : ? :f f SO? f BC(C( O f: ¢lB





O[ MMO  	4












  9   +  ¢*O0. 8.8. ¸#A
L`R`f¤¢Yg\l_jW'PRQ*\fmZO[ZQ*mi:Y]MOQ`f},Q[g\Y]`f[Pe\5©¡}O[]`o^Q3m]m\fm`fjj`_aWOk 

















 0 	     0  /  	   + +0+   	   -   	   +0+ +  0 	 
S@T'UVXWZYZ[Z\







   SZ%O QS\[ O SN S$	  HO. 	H




hWh^Q3[Yg\l_jW?Yu©e_qm=x  ; > iO_¯Y]M 0YZMOQWoOP¤2Q3[`l-PbQ*\fmZO[]Q3m3
  ?   +  ¸o·  ¸ J	 ¸  ´ * · .    1 ´:·  ´ O  ´ 
LMhQhmZQ[{`fXg­`?Ojnj_a®?Q&mZ`fPRQY]_aPRQ3m{Q3mYZ_jPR\lYZQY]MOQ}h\f[]\fPRQYZQ3[]m_aYZM\eQ PRQ3\fmZO[]Q3m3­LMOQ
PRQYZMO`¢nPe\5©¡MO`QfQ3[­¤,QWO`fY{5\fa_qnJ`f[{mZh^gM^3\fmZQ3m3
LMhQ¡OWh^Q[ZY]\l_jW:Yu© $'&Mh\?m_¯Ygm`WOWh^Q[ZY]\f_aW:Yu©fU YZMO_qmQ3[Z[]`f[\fm#Y]`o`MO_jkfMi	­Q'^`fhjn¢W  YYg\l®?Q
\?n¢\lW:Y]\fkfQ#`lYZMOQPRQY]MO`¢n  mZQQmZ©omYZQ3P u?a "
w`i5YZMOQ[]Qq\Y]_a?Q­Q3[Z[]`f[`lhY]MOQOWh^Q[ZY]\l_jW:Yu©_jmsx  ; > -LM2\Y-_jmC\=[ZQ*\fmZ`fW`?[-®fQQ3}O_jWOk#\=PR_aWh_aPOPWoOP¤2Q3[`l-PRQ3\fmZO[]Q3mMO_jkfMQWO`?OkfM(




  SY	 O M

h`fja`_jWOkbYZMhQ_aW2muY][Zh^YZ_j`fWhmw`l	YZMOQmQ*^YZ_j`fW  ·  µ  ¸  ´ O ( ´,i¢­Q^\lj_j¤O[]\lYZQ*n'\¡^3\lPRQ[g\ « U
_aYZMy\:) 3 4 )&[]\fPbQ?wLMOQ&`o^3\l	\?mwmZQY=YZ`'O h #yQ&YZ`o`f® 6  /'e}O_j^YZO[]Q3mw`lCY]MOQmZ}2Q*^_q\l
`?¤¢tuQ3^Y_¯Y]M¬\RmYZQ3} 	  / - 
*wQ[]Q\l[]QwY]MOQ\ljOQ3mQ`f¤¢Yg\l_jWOQ3n'`f[ !#" \Y]Q[}O[]`¢^Q3m]mZ_aWOkYZMhQ^\lj_j¤O[]\lYZ_j`fW_¯Y]M g9
'3 ) +  4  '!)' + -- )  ' 3 . + . -*3  ')'
+   ' 3 + 3  ')*'
+   ' - +  . -  ')'
+ '!)
/  '!-,+0/ 4, '*- + 44   '!) + -'!'  ' ) 4 +  . 
#!Q^gMO`?mZQ#YZMOQ \?^Y]`f[`l-[Z_qmZ®   -,+0/f
LM2\lWO®¢mYZ`bY]MOQQ3~:h\lYZ_j`fW uf  \fWhn uf i¢­Q^`fPR}O¢Y]Q3n




w`lY]_j^_aWOk   6  /  //fioQ#`fOWhn_aYZMYZMhQY]\l¤haQ`f(YZMhQ 7:YZhnOQW:Y m{^`oQe^_aQ3W:Y]m 
	 
  /!+ )3
	_jWh\ljj©fioY]\f®o_aWOke\?^^`?OW:Y`l(Y]MOQQ3~:h\lYZ_j`fW u?QiOQ^`fPR}OOYZQ3n 
$'&
 4 + 3 4
#!Q^`?Ojn¬^`fWh^ahnOQ ! !#"  ' ) 4 +  " 4 + 3 4
_aYZMYZMhQ \f^Y]`f[`f	[]_jmZ®-,+0/













I JI  O.NNQZ O. 	:SL
LMhQekf`?\fC`lYZMO_qmmZQ3^YZ_j`fW!_jmY]` kf[g\l}OMh_j^3\lja©^gMOQ*^g®_a­Y]MOQJn¢_qmYZ[]_a¤OOYZ_j`fW`l !2" i " i	  \fWhn   _jm
k:\lhm]mZ_j\fW
+  +   ¢*O0. 8.8. ¸#A
h`fja`_jWOkRY]MOQ&_jWhmYZ[]h^Y]_a`?Whm{`f	Y]MOQmZQ3^YZ_j`fW  ·  µ  ¸  ´ O  ´,iOQ},Q[Z`f[]PRQ3nYZMhQ&PRQ3\?mO[]Q3m
`fsYZMhQe_aW:YZQ3[ZW2\l-}h\l[g\lPRQYZQ[gmw`f[\'^3\lPRQ[g\  « U #!QRYZ`o`?® 6  !'J_aPe\lk?Q3m#_aYZM\'mYZQ3} 	  /  
LMhQmZ_j£Q`lYZMOQ[g\lPRQ`l	YZMhQ^\lPRQ3[]\  « U¨\fm )*3   4 )¢	LMOQ`¢^3\l²\fmmZQYYZ`JO h
LMhQmZ`lYu\l[]Qb g }O[Z`o_qn¢Q3nJYZMhQ=`?aj`_jWOkR[ZQ*mOaY]m 
!#"
	  lO S=o?i Sh (:Bhi lO :¢?i3 ¢f O3ShiB (O f Bhi3B=o ¢*OiB BO (??¢iB:¢ (lo¢i3CB?¢ ?C(OiCBfO BC(?SOi
Ph f:¢isPO ?fOi¨Pof  B BOi¨PSO(=ois lSOo?fi¨ ¢f fKoi¨ ¢f lS:¢isB (O fSfhi¨B?O O3hi¨B?O ?lhi
CBC(ha8B?¢isCBPo SC(:¢i¨CBPo5?hi¨?f¢ SC(?OisB?O P oi¨B?O (:¢i¨B BOj3:¢isB:¢  C¢i¨B:¢ l?Oi¨Bhf (C(O?i
S@T'UVXWZYZ[Z\
5   2# 	
	
?(h  BC(Ois? o C(?Oi¨?lOjf*SOi¨?f¢Bhfisf?¢S?Oi¨f?¢ l?SOi¨f?¢ fS=oisf?¢5?hi¨fPo l?Shi¨B?SO  Bhi
CB?O  BfOisCBfO?Oi¨CBfO PlOi¨CBOf BCB:¢isBfhS?Oi¨ lO SO3hi¨B (O (fS?SOis lSO BCBO?i¨ f¢ lfShi¨lhf (C(O?i
fO?a*CBOisf?¢ (ffhi¨C(CBO C(fhi¨C(?¢ SlKois(?O fo¢i¨l?SO  B=oi¨l:¢ ??¢isl:¢  C¢i¨ lO (l?Shi¨ BO (O3Shi
P(h PSOisP(O lPBOi¨CBPo l BOi¨PBOj*fSOis f¢ (PlSOi¨ h Koi¨ h l?Ois lSOj*fOi¨ f¢ B?lhi¨ f¢Chi
PSh P(fOisPSO  (Oi¨Pof (PlOi¨Pl¢ B?fOis ¢f CB?SOi¨ lOS?Oi¨ lO B??¢is ¢fj (l2i¨ f¢ lfhi¨ ¢f f ¢i
Po? (h3SOi¢ f¢j:Oi:Po? ?C(Oi¢B (O Pf 
 "  	 22 B B?¢i2*O ( BPoi:C(O S?Poi:Po SfS?SOi??O ?fhi?fhjf?fi?fh ?Poi??SOChi?fh ?SCBhi
:P¢a8BC(Oi-:Poj B (OisS (lh lo¢isS (?¢lfOiCSC( BO (P oisSC( BO :fOisSC(:¢ SfhfiCSC(fho3ShisSC(:¢ lC(hisSf?Oj:Oi
S??OQBPoiCS??¢( (OisS?fO (fhfisS=5h Sf:¢iCSPBO f?SOisSPf¢B (OisSP o Sf BOiCSP o lSl2isSP oj3fhisSP o flShi
S=h o¢fiCS??¢ B (OisS??¢ ??¢isS (Of C( BOi-??Oj (fhiC? BO l2fiCh?f Pf¢i-h5¢ Bl2iCh?f ¢*OiCh?f  Bfhi
2*O :lOiCS (C(Oj3hfiC2hlOfiC23SO :lhi-h5¢ (?fOiCh3h fP(OiC? BO5:OiCSC( (O l?ShisSC(:¢llhisSC(fh (lf2i
S (l2 B: oiCS (lh (?lhisS?Po (fhfisS?Po ?S?OiCSf?O ? (OisSffhj f¢isSf?SO PlOiCSf?Ojf ¢isSPBO f ¢isSPlSO SfO?i
S=lO 23OiCS?fO (C(?SOisS (CBOj3:¢isS (Po l BOiCSC( BO ?fOisSC(fh  B?OisSC(:¢B?OiCSC(hf  (l2isSf?O SfSCBhisSf (O f(hi
S (fh B=l¢iCS (?¢  lSOisS (fSOo*OisS (?¢ CB BOiCSC(:¢  ¢fisSC(=o fSfhisSC( (O (C(hfi-??O lCBhiC?=o f?OiC??O SC(fhi
23h O oi:??SO (C( (Oif:?Oa?3SOi:??O ?C(OioSC(fha*f 
	  	 *ffh S?C(Oib*O*Oa*S?¢iR5¢*O B BO?i5¢*O S=(hi5¢3h S:fOib5¢8BO =o?i5¢o :fOi5¢o Of?i
5¢8BOj3Sl2i-*¢*SO (CB:¢i-*fC(O l?OiC5lC(h P(fhi	5ffO f2i-*¢*O Sf:¢iC*O3Sh :fOi-5¢*O O Bhi	5¢5¢ fSP¢i
5¢5¢ (ffShi-*¢*O Sf (Oi-*O (O :?¢iC5¢ Bh ?Bhi	5¢5¢ Of?i-*¢3h h5¢iC*O2 ?fOi-5¢2Q(fShi	5ffO ?P¢i
5¢8(Ojf3hi-*¢o (?Oi-*O o P oiC5¢3h  (C(hi	5¢*O f:Oi-*ffO(=oiC*O3h Sf?SOi-5¢ (hQBfhi	5¢8(O S?fOi
5¢*SO5h?i-*l (O l BOi-P(C(O (?SOiC5lO?QffOi	5l?SO5:Oi-*l (O lhfiC*O3h 2ffi-5lP¢ B?S?Oi	5¢*O h ¢i
5¢oj3CBhi-*¢*SO B?Oi-*Ohj3:¢iC5¢3h :fhi	5l (O (CBfhi-*¢3h Sl2fiC*O*O olSOi-5lSl2 Bh3hi	5lS:¢Bfhi
5lS?O :2i-*¢8BOj3S BOi-*Off BCB=oiC5¢3Sh f?hi	3 ( (O(fhi-??O C( (OiC*ffh ?hi-5lfh Sf Bhi	5¢*Ojh?i
5lfh f?hi-*l BOj B:¢i-*fPo5o¢iC5¢3h K(hi	5¢*SO(fhi-*¢8BOCf¢iC*O (h Sf:¢i-5f¢? ?SC(hi	5ffO f?Oi
5ffSO : ¢i-*f?¢5:Oi-*O (O5:OiC5flhQlP¢i	5fOf h3hi-*fOf o¢iC*O (h ?Slhi-5¢ Bh PBfShi	5¢8BO (fShi
5¢5¢  hih5¢f?a*fShih*O3h B?l 
   	 5fPo BO?i5ffOj*lShiR*lS:¢ Sl2fiR*fSfSO SlP(OiR*fSfSh ShhiR5lSCBh ?Sfhi5lSfha*fhib5lS?O lC(hi
5lS=oChi-*lS BO ?lhi-*fSC(O B?CBOiC5?h S=C¢i	5lS=o ? ¢i-*lS=o (f:¢iC*fSCBh S BfOi-5lSfSh B?fhi	5lS?O Bfhi
5fPo SO Bhi-*flh:¢i-*?f¢ (O*SOiC5f¢?a*l2i	5fCBO h ¢i-*f?¢ :?¢iC*?fO B:lSOi-5l?O  BP¢i	5¢8BO BfShi
5lS?O fO?i-*ffO Koi-*fSfSOj3:¢iC5=¢ ffhi	5P(O ?(hi-*fOf (OiC*?(h 2 oi-5lSO? PlOi	5fPoj3Sl2i
5fPo  C¢i-*lS?O (CB BOi-*fSfO 2fiC5lSfSh (?Sl2i	5lS?SO l=¢i-*flh ?S BOiC*? ¢ ( BPoi-5f ¢a*P¢i	5fOf f2i
5¢8(O :fOi-*¢o (:¢i-*?BO lS?OiC5f(h Bf?hi	5lS BO f(hi-*lS BO (CB?OiC*fSCBh ?SfSOi-5lSfh ?Sfhi	5lS:¢ Bf?Oi
5lS:¢ SfP¢i-*lS:¢ C(=oi-*fSlh l=oiC5lSCBh S??Oi	5lS=o BC(?Oi-*lShf BPlOiC*fSO? ( (?¢i-5lSO? B?SP¢i	5lS:¢ Sl?hi
5lS?SO BfOi5lS BO ?Bhi*lS:¢  (fhi*fSfh 2 (Oi5f(h P(?Oi*fC(O h5¢i*fSfOo*SOi5lS?O :?Oi5lS=oB?Oi
5fPol ¢i-*fPo CB?Oi-*fSOf B?lhiC5lSfShQffOi	5lS:¢ SCBP¢i-*lS:¢ SCB=oiC*fS?O =Oi-5lSl2  (fShi	5lS:¢ ffhi
5lS:¢ (fS?Oih5lSfSh Sff2ih*fS?O : 
















h`f[_²¤,Qj`fWOk?_aWhkY]` ) /  %, i¢­Qn¢QhWOQ!

D
  ;  D 
MhQ[]Q=-_qmYZMOQ^OP&Oq\Y]_a?Q#OWh^Y]_a`?W¬`l	YZMOQmY]\fWhnO\l[gn¡Wh`f[]PR\fn¢_qmuY][Z_j¤O¢Y]_a`?W












+  +  9  ´ O¹ 	  ´=A 
#!Q`fhWhn
 `f[Y]MOQ^`o`f[gn¢_jWh\Y]Q ! " 
 
D
?(h  CBfSO  B=o B  ¢f  PBh  ffO  lfh 

D
Oj3 h f h S: O   O l h (? O (CB

D
c]? fS c h : cXO : Oj ( f f ? S? f(
S@T'UVXWZYZ[Z\
3   2# 	
	




	_ak?O[ZQS   ´PA  µ <aR3@.>   . A´E1 ¸   "
 `f[Y]MOQ^`o`f[gn¢_jWh\Y]Q  " 
 
D
S=C¢ S S?Of B Sf:¢ ( SC(?O  S (l2  S (fO  ??SOj ?P¢  2f?Q

D
O C( ha8B h fS O Sf O ? h B? O BCB O( O (f

D
c]? S? c h ( B cXOo cXO  ( c h l h P O ?S O fS f l
 `f[Y]MOQ}h\l[g\lPRQYZQ[    
 
D
3 (?SO   ( (O *l:¢ B *¢?f  *¢o S *ffSO  *?(Oj

D
O O O ? O P O   O BfS O (? O (CB

D
cu¢ f cgf (P cgf : cXO ( cXO S? f BCB f(
S@T'UVXWZYZ[Z\
8B   2# 	
	





5¢5¢  *ffO B *ffO  *lS BO S *?hj

D
O O O l O B OC O (CB

D




	_jkfO[]Q   ´=A  µ <jb3@./>   /. A	´E1d¸   
LMhQnh\Y]\R\f[ZQ OYZYZQ3n_aYZMYZMhQ^O[]fQ     + ¤o©JhmZ_jWOkbYZMOQPRQY]MO`¢n`ljQ3\?muYwm]~:h\l[]Q3m3












*   2# 	
	
+  9   H J ´  . -f¢8. ¸#Aª¸21   ´  ´ 
h`f[Q3\?^gM'}2\l[g\lPRQY]Q[*ifY]MOQYZQ*muY]Q3n'M:©o},`lY]MOQ3mZ_jm_qm XY]MOQn¢_jmYZ[]_j¤O¢YZ_j`fW`lYZMOQ}2\l[g\lPRQY]Q[_jm P¬i m6










 5  /6 >C DGE " 	
D









 >  	 QY¤2Q6 D  /	 
 sY]MOQQ KQ3^YZ_jfQ`f(YZMhQ^q\fm]mQ ,   D






J6 D  F6 + /  D  5
F6 + /  D 3S!
MhQ[]Q J6 + /  D "/	 





  _qm{n¢QhWOQ*n'¤o© 

D
 &  (%,   D
 ;   
D )   
MhQ[]Q `?aj`{m Pi,m7
h`f[Q3\f^gM±}2\l[g\lPRQY]Q[*iQJmZQYb\mO¤Kn¢_jo_jmZ_a`?W¦m`YZMh\lY:F6 + /  D  .  /  
     « YZQ3[O°oc
_jWOkbYZMhQYZMO[]Q3mZMO`fqnJYZ`   -,+ -Ji¢YZMhQ^[]_¯Y]_j^3\l²\l[]Q3\_jmwn¢Q hWhQ3n¤o© 
 `f[ !#"  ! &  365  //!+ -





  2'  ',+ '  '3 . + 4  '*3
) + 3  '!)
/*+   ') 3  '*- + '  ' 4 + 4, '!)  *
365b`?aj`{m\ 305bj\5`fn¢Q3kf[]QQ3m#`f¨[]QQ3nO`fP \fWhny\fjmZ`­QR\f^3^Q}OY#Y]MOQeMo©o}2`fYZMOQ*m_qmm_jWh^Q
 5  //+ - )¢
 `f[ " ! & 365  / 4 + -





    . ) . + . ))
+ .,7.  /+ 3 . 
+  7. -,+ ' .  4 +  .  +  "4 - . +0/ 4 - ) + 4 4 //+ ) "4 /3 + 
 B!
365'`fjj`{mb\ 365'q\5 `ln¢Q3kf[]QQ*m&`f{[ZQ3Q3n¢`?P¬¥LMOQW Q\?^^Q3}¢YbYZMOQ¬Mo©o}2`fYZMOQ*m_qmRm_jWh^Q









   "/ 4 ,+  / 4 ,+ 4  / *- . + 3  /  - +   /  / 4 +0/  / 
/  + ., / ' 4 +   /  . 
+   *
365'`fjj`{mb\ 365'q\5 `l#!n¢Q3kf[]QQ*m&`f{[ZQ3Q3n¢`?P¬¥LMOQW Q\?^^Q3}¢YbYZMOQ¬Mo©o}2`fYZMOQ*m_qmRm_jWh^Q
 5	 ,+ 4 O
 `f[ 	





   "/ - +  /  /  + 4  / '-,+ 3  / *'
+   /  . /+0/  /  . 3 + ., /  4 /+   / '
+  3!
365'`fjj`{mb\ 365'q\5 `l#!n¢Q3kf[]QQ*m&`f{[ZQ3Q3n¢`?P¬¥LMOQW Q\?^^Q3}¢YbYZMOQ¬Mo©o}2`fYZMOQ*m_qmRm_jWh^Q
 5	 ,+ 4 O
+  9   + R&¸  J (*¢ . ¸2A ¸#1 ¹ ´  . 8. ¸#A LOO .8¢  ´
#!Q`fhWhn
 `f[ !#" 
 5  /',+ ',/  (!
 `f[ " 
 5  ',+ 4 ' dl!
 `f[  	 
 5  4 + *3 d¢
 `f[   
 5   + 3 ) df
h[Z`?P 8¢ (!\lW2n d¢j3!iC­Q¬n¢Q*n¢h^QY]MOQ¬M:©o},`lY]MOQ3mZ_jm_qmR[ZQtuQ3^Y]Q3n¦`f[bYZMOQ¬¤,`lY]MF^`o`?[]n¢_jWh\lYZQ3m
! " \lWhn  " &LM2\Yn¢`oQ3mZW Y#PRQ3\fWY]Mh\Y#YZMhQRm]\lPR}OjQ3mn¢`WO`fY¤,Qj`fWhkJY]`\'k?\fhmZmZ_q\lWn¢_qmYZ[]_a¤OOYZ_j`fW
wQ?Q[ZYZMOQ3aQ*mZm3i:YZMOQ3[ZQ  m\bQ3<}O[]`f¤h\f¤O_ja_aYu©J\Rm2^gM\?mZmZOPR}¢YZ_j`fW_qmYZ[]OQf
h[Z`?P 8Oa?\fWhn 8¢j*!iCQnOQ3n¢h^QYZMOQ m]\lPR}OjQ3mb\fm]m`¢^_q\Y]Q3nY]`!YZMOQ}h\l[g\lPRQYZQ[gm   \fWhn  
j_j®fQj©e`?aj` \bk?\fhm]m_q\lW'j\5
I    SO 
 [ Q
LMhQekf[g\l}OMOQ*m 8¢ id¢ B!i 8OQ=\fWhn 8O  mMO`YZMOQ¡nO_j\fkf[g\lP `l[]Q3~:OQW2^_jQ3m\lW2nY]MOQ¡n¢Q3Whm_aYu©
\?mZmZ`¢^_q\Y]Q3neY]` 6  0  
  iO`f[Q3\?^gM'}2\l[g\lPRQY]Q[*h`f[  \lWhn   i?Q{WO`fYZ_q^QY]MOQwn¢_q\lk?[]\fP \l}h}O[Z`5°¢_jPe\YZQ*m	YZMOQ=n¢QWhmZ_aYu©&OW2^YZ_j`fW(-LMhQ{¤2`fYZMek?[]\f}OMOQ3m
d¢ =\lWhn 8O B w_jjahmYZ[g\Y]Q&Y]MOQR[ZQ*mh¯Yn¢Q3nOh^Q*n[]`fP Y]MOQ3 5 YZQ*muY*i_aWyYZMhQb}h[ZQ3:_j`f2m=mZQ3^YZ_j`fW =YZMOQ
nO_jmYZ[]_a¤h¢YZ_j`fWhm`f  \fWhn   \f[ZQ}O[]`f¤2\l¤Oj©ek?\fhmZmZ_q\lW
S@T'UVXWZYZ[Z\
f   2# 	
	
	_jkfO[]Q B   ¸¸ ¹6. A O ´ !#"
h`f[ !#" \lWhn " ioY]MOQn¢Q3Whm_aYu©eOW2^YZ_j`fW¬_qmYZ`o`R[]`fOk?MOa©¡\f}O}O[]`5°¢_aPe\Y]Q3nJ¤:©¡YZMOQn¢_q\lk?[]\fP YZ`emZOkfk?Q3mY
Y]Mh\YY]MOQn¢_q\lk?[]\fP _jm[]Q}O[]Q3mZQW:Yg\YZ_jfQ#`l-\b5\f[Z_q\l¤haQ#`fjj`_aWOkR\bk?\fhmZmZ_q\lWJq\5 8mQ3QYZMOQ 3 5 YZQ3mY6






	_ak?O[ZQ    ¸¸ ¹6. A ¢ ´ "
S@T'UVXWZYZ[Z\
?   2# 	
	




	_jkfO[]Q (, J-¢  ´  ´  	
S@T'UVXWZYZ[Z\
l   2# 	
	









 1 ´:· ¹ ´   A .  . ¸2A 
*wQ[]Q\l[]QmZ`fPRQn¢QhWO_aYZ_j`fWhmQ`lYZQ3W¬hmQ_jW'YZMOQn¢`¢^OPRQW:Y3



























	_jkfO[]QRf ¸#A	¸ J- A	´ 
9     ´  ¸2A DA .
Q`f[]Q­Y]`kf[g\l¤_aPe\lk?Q3m3iYZMhQ{hmZQ[CMh\?m-YZ`_jWO_aYZ_q\lj_a£3QYZMOQr ­UC^3\l[gn&¤o©}O2mMO_jWOk`?WY]MOQ¤O¢YZYZ`?W DA .  
« PRQ*mZm]\lk?Q=_jW¢`f[]PemYZMOQ2mQ3[_¯	YZMOQ_jWO_aYZ_q\lj_a£*\Y]_a`?W'_qmm2^^Q*mZmOd
U 	YZMhQ_aWO_aYZ_q\lj_j£3\Y]_a`?WJ \f_aqm3ioYZMOQPRQ3m]m]\lkfQ UXWO_¯Y]_j\fa_qm]\YZ_j`fW`l	YZMhQ#r ­U^3\l[gne \f_ajQ3n }2`?}hmO}(
9    +  ´  ¸2A F ¢
U Yw\faj`{m­YZMOQ2mQ3[YZ`Rkf[g\l¤'_aPe\lk?Q3m3
9    9  ´  ¸2A HIA @J
U -_jPR\fkfQ*m\f[ZQk?[]\f¤O¤2Q*n²ioYZMhQhmQ3[^\lW[]QQ3£Q#YZMOQq\fmYo_aQ3­Q*nJ_jPe\lkfQ¤o©J^a_q^g®o_aWOkR`?WEHIA @J 
9    ?  ´  ¸2A H· .3 
=m2\lja©?iOYZMhQ[]Q&\l[]QYZMO[]QQ^\lW2\lqm`ls\f^3~:O_jmZ_aYZ_j`fW^`?WOWOQ*^YZQ*nYZ`eY]MOQr ­U{^3\l[gnsY]MOQ&[]Q3ni Y]MOQkf[]QQ3W
\fWhn!YZMhQ¡¤OjOQJ^\fWh\lqm3 #ª_aYZM KgOi_aY&_qmWO`fY&WOQ*^Q3m]m]\l[]© YZ`}2\5©y\YZYZQ3W?Y]_a`?WYZ` Y]MOQJ^3\lWh\fsMO_q^gM
^`fWOWhQ3^YgmY]MOQ^3\lPRQ[g\bYZ`JYZMOQr ­U{^\f[]n²wUXWhn¢QQ*n²i,¤:©}OhmZMO_jWOkJ`?W¬YZMOQb¤O¢YZYZ`?W H²· . 3  i,Y]MOQ&hmZQ[
M2\fmYZMhQ\l¤O_ja_aYu©eY]`RmZ_aY]^gMYZMOQ^3\lWh\fK`lC\f^~:O_qmZ_¯Y]_a`?W
9     ´  ¸2A H CL ´













_jPe\lk?Q3m²[]`fP§\#m_jWOk?aQ^\lPRQ3[]\hiY]MOQ­}2\lWOQ3KH  ´  ´o¸bnOQ3\lqm_¯Y]M\{}2\l_j[`fh^\lPRQ3[]\?mU Y-_qm(}h\f[Y]_j^Oq\l[]a©
\?nO\l}OYZQ3nJYZ`bY]MOQhmZQ[MO`R_qmMOQ*mYZ`e^3\lj_a¤O[g\Y]Q\bmYZQ3[ZQ3`bmZ©¢muY]QP¬
_jkfh[ZQR*,%H  ´  ´o¸ J- A´ 
9   +   ´  ¸2A DA .
Q`f[]QY]`kf[g\l¤!}h\f_a[gm`l_jPR\fkfQ*mi²Y]MOQ¡hmZQ[&Mh\fmY]` _aWh_¯Y]_j\fa_j£QeY]MOQ¡r ­U^\f[]n!¤o©}hhmMh_aWOk `?WYZMOQ
¤h¢YY]`fWEDA . 
« PRQ3m]m]\lkfQ_aWO`f[]PRm=Y]MOQ2mQ3[#_a¨Y]MOQR_aWh_¯Y]_j\fa_j£3\lYZ_j`fW_qmm2^^Q*mZmOd&U sY]MOQR_aWh_¯Y]_j\fa_j£3\lYZ_j`fW \f_aqm3i²YZMOQ
PRQ*mZm]\lk?Q UXWO_aYZ_q\lj_jm]\Y]_a`?WJ`l	YZMhQr ­U^3\l[gn¡ \f_ajQ3n #},`f}hmO}(
U (YZMOQ#r ­U¨^3\l[gnRMh\fm­¤2Q3QW\lj[ZQ*\fn¢©b_aWh_¯Y]_j\fa_j£Q*n²io`f[_aW2muYg\lWh^Qw_jW¡YZMhQ=}h\fWOQ ¸#A¸'`f[­_aWJYZMOQ#}h\fWOQ
 KJ ih}OhmZMO_aWhkb`?WJY]MOQ¤O¢YZYZ`?W DA .  _jmhmZQjQ3m]m3
9   +  +  ´  ¸2A F ¢
U Yw\faj`{m­YZMOQ2mQ3[YZ`Rkf[g\l¤'_aPe\lk?Q3m3
9   +  9  ´  ¸2A HIA @J
U }h\l_j[]m­`l_jPe\lk?Q3m\l[]Qwkf[g\l¤h¤2Q*n²ifY]MOQ#hmQ3[^3\lWJ[ZQ3Q£QwYZMOQ#q\fmYo_jQQ3ne}h\f_a[`l_aPe\lk?Q3m¨¤:©¡^a_q^g®o_aWhk
`?WEHIA KJ 
9   +  ?  ´  ¸2A H CL ´





9   +   ´  ¸2A H· .3 
LMhQ[]Q¡\l[]QY]MO[]QQJ^3\lWh\fjm`f\?^~:O_qm_aYZ_j`fW 	Y]MOQ¡[]Q3n²i	kf[]QQ3W!\fWhn¤OjOQJ^3\lWh\fjm3 ©y}hhmMh_aWOk `?WYZMOQ
¤h¢YY]`fWGH²· . 3  iOYZMOQhmZQ[M2\fmYZMhQ\l¤O_ja_aYu©eY]`RmZ_aY]^gMYZMOQ}2\l_j[]m`l	YZMhQ^\lW2\lqm­`f-\?^~:O_qm_aYZ_j`fW(
S@T'UVXWZYZ[Z\
f   2# 	
	
9   +   ´  ¸2A H(´  ¸#A ¹
LMhQ&hmZQ[#Mh\fm{YZMOQR\l¤h_aj_¯Yu©Y]`J},`f}ynO`W¬YZMOQb_aW2n¢`^`?W?Yg\l_jWO_jWOkeYZMhQbmZQ3^`fWhn¬_jPe\lkfQ¤o©¬^a_q^g®o_aWhk
`?WJY]MOQ¤O¢YZYZ`?Wq\l¤,QjjQ3n H´  ¸2A ¹ 











9   9    ´  ¸2A  J ´=A
« Y 2[]mY3ioY]MOQhmZQ[`f},QW2m\}h_j^YZO[]Q`lYZMOQmZ}2Q*^_q\l`?¤¢tuQ3^Y[ZQQ[][ZQ*neYZ`¡\?mYZMOQYg\l[]kfQY3
LMOQ haQR`?[ZPe\lY`lYZMOQe_jPe\lk?QeP&hmY&¤,QRYZMOQ¡}hkfP `f[]PR\lY3¡U Y]MOQ hjQe`f[]Pe\Y`f­Y]MOQ¡hmZQ[  m
_jPe\lk?Q_jm¬n¢_KQ[]QW:Y3iwYZMOQ!hmZQ['^3\lW hmQYZMOQ wwU  ^`fPRPe\lWhn  ¸#A L ´ 5  P&©o_jPe\lkfQ? P©:`f[]PR\lY
^`fWofQ3[YP&©o_jPe\lkfQ? }hkfP g
#ª_aYZMO_jW¬YZMhQa_jPR_¯Ygm`lYZMOQ^`fPR}O¢Y]Q[  m^3\l}h\?^_aYZ_jQ3m3ioYZMOQmZ`lYu\l[]Q#\?^^Q}¢Ygm\lWo©e}OkfP _aPe\fkfQ3m3
U -YZMhQm_j£Q`l	YZMhQ_aPe\lk?QQ°O^Q3Q3nOmY]MOQPe\l_jW'_jWhn¢`  mmZ_a£3Qfi¢Y]MOQhmZQ[{mZMO`fOqn[ZQ*m_j£Q#Y]MOQPe\l_jW
_jWhn¢`
9   9   +  ´  ¸2A MON Of








	_jkfO[]QR %H(´  ´ lb  ´ . ´  R  .	¢ . ¸2A
LMOQn¢Q \lOaY	\faOQ  m(YZMh[ZQ*mMO`?jn_jm3?O(L`=^gM2\lWOk?QsYZMh_jm\ljOQfi5Y]MOQ­2mQ3[Mh\?mY]`#^a_q^g®`fWrC\f[]\fPc
QYZQ3[]m  \fa_j¤O[g\YZ_j`fW  mZQQ 2kfO[]QSO ¨LMOQW(ih_jW'Y]MOQ_jWhn¢`<YZ_aYZjQ3nGR  . ¢8. ¸#A J-¢  ´  ´  i
MhQmZQYgmYZMhQ^O[gm`?[YZ`bYZMOQ_jW:YZQ3Whn¢Q3n\ljOQ?
9   9   9  ´  ¸2A  O3 
Q`f[]Q=Pe\Yg^gMO_jWOke\lW¬_aPe\fkfQfi:Y]MOQhmZQ[Mh\?mYZ`e}OhmZM¬`fW'YZMOQ¤h¢YY]`fW  ¢*  
« Y­`fWh^Qfi?\mZQ3^`fWhnb_jWhn¢` n¢_qm}Oq\5©¢m	YZMOQwWO`fPR_jWh\l2_aPe\lk?Q_¯Y]MRYZMOQ{WoOP¤2Q3[ZQ*nRPe\l[]®om3w`lY]_j^QYZMOQ





S?   2# 	
	
	_jkfO[]QR*   ´ A	¸  . A  s*¢> ´ 
U 	YZMOQ©?Qja` WoOP&¤,Q[_qmiO`f[Q°O\fPb}haQ BfShioYZMOQ2mQ3[{^j_j^g®¢m`fW'YZMhQ^`f[][]Q3mZ}2`?Whn¢_jWOk[]Q3nm]~?2\l[]Q
B?SR`fW _aY]m=`W¬_aPe\lk?QfU CYZMhQ&©fQ3aj`0W:hP&¤,Q[=mZ_aY]^gMOQ*mYZMOQ3W YZ`¡YZMOQW:hP&¤,Q[OBfhi¢Y]MOQ&2mQ3[=^j_q^g®om
`?WJY]MOQ^`?[Z[]Q3mZ},`fWhn¢_jWOkb[ZQ*n'm]~:h\l[]Q4BlR`fW_¯Ygm`W_aPe\lk?Qfja
« YZQ[*iOSOiKB\lWhn (&^j_q^g®om3i:YZMOQmZ`l\l[]Qwn¢Q 2WOQ3m^`?[Z[]Q3mZ},`fWhn¢Q3Wh^Q*m sQja` ^`fj`f[  m­WoOP&¤,Q[gm\l[]Q
nO[]\5Wb`fWRQ°oY][]\?^YZQ*nbPR\f[Z®¢m-MO_q^gM¡^`?[Z[]Q3mZ},`fWhnYZ`Pe\l[]®¢m-`fWbYZMhQ{WO`fPR_jWh\lh_aPe\lk?Q  mZQQ hk?O[]QSha 
U wYZMOQ'hmQ3[bnO`:Q*mW  Yb`f¤,Q©YZMhQJ}O[]Qo_j`fhm&[ZOjQfi-Y]MOQ¬^`f[][]Q3mZ}2`?Whn¢QW2^Q¡Pe\5©!¤2Q' \lqmQ?!LMhQJ©fQ3aj`
WoOP¤2Q3[]m\ljj` mh^gM\^`fW:YZ[]`fd	UXW'^\?mQ=`l-\[]`fWOkb^gMOQ3^g®Ki:YZMOQ#hmZQ[mZMO`fOqn¡^a_q^g®e`fWJYZMOQ#¤O¢YZYZ`fW
: A ¹ ¸\fm#Pe\lWo©¬Y]_aPRQ3m\?mw_qm[]Q3~:O_j[ZQ*n²LMOQbhmQ3[Mh\fm\lqmZ`¡YZMhQR\f¤O_ja_aYu©¬YZ`¬muYg\l[ZY\fWO`lY]MOQ[#Pe\Yg^gM
¤o©J^a_q^g®o_aWhkb`?WJY]MOQ¤O¢YZYZ`?W  ¢3  `?Wh^QPR`f[]Qf
w`lY]_j^Q¬YZMh\lYeYZMOQ hmZQ['n¢Q hWhQ3me\±^`?[Z[][]Q3mZ}2`?Whn¢QW2^Q_¯Y]M \Pe\l°o_jP&hP WoOP&¤,Q[¡`f4(^a_q^g®¢m «
 \fPR_aj©'`f (eWoOP&¤,Q[gmwn¢QhWOQ*mYZMhQ&WoOP&¤,Q[gm{Mh_j^gM\f[ZQ`?WOQ&\Y]Q[wYZMOQ`lYZMhQ[wn¢[g\5W _jW ©fQjj`ih_jW





	_jkfO[]QR B  R  /.	¢ . ¸2A J-¢  ´  ´ 
#ª_aYZM¬Y]MOQ¤O¢YZYZ`?W\lWhn'Y]MOQ¤O¢YZYZ`fW,¢iOY]MOQhmZQ[wnOQ hWOQ*m{\lWh`lYZMhQ[ \lPR_ja©?O`?[{_jWhmuYg\lWh^QfiO_a-YZMOQ





©¬^j_j^g®o_jWOke_¯Y]M YZMhQ&¤O¢YZYZ`?W2R`fW¬Y]MOQ_jPe\lkfQ&¤2Q3a`?WOkf_jWOkRYZ`¡YZMOQ R  /.	¢ . ¸2A J	¢  ´  ´ 5
nO_j\fa`?k 8mQ3Q hk?O[ZQ{Sh 
ifYZMOQ{2mQ3[]msmZ_aY]^gMOQ*m-YZMO_qms`?[]nOQ[*LMO_qms`?[]n¢Q3[s_qmsmMh`Wb_aYZMe¤haOQwW:hP&¤,Q[gm
S@T'UVXWZYZ[Z\
S:   2# 	
	




_jWOk#`fWY]MOQ¤O¢YZYZ`fW R  . ¢ ´2-LMOQn¢_qmuY]`f[ZYZ_j`fW_qm-\lqm`#^`fPR}OOYZQ3n&`fWOj©_aOYZMOQ^gMOQ*^g®¤2`5° R¸ 5 ´ l
  ´ ¹0. 3 ¸ 5 . ¸2Aj`¢^\Y]Q3n'_aWGR  /.	5O . ¸#A J	O5  ´  ´  n¢_j\fa`?k$ mZQQ hkfh[ZQSO  ­_qm\f^YZ_j5\lYZQ*n²






`fja`_jWOkR[]Qq\YZ_j`fW     


         + 
MOQ[]Q 	 

   \fWhn         \f[ZQY]MOQ^`:`?[]nO_aWh\lYZQ*m \lPR_ja_jQ3m=`ls\lWo©}2`?_aW:Yv [ZQ*m},Q3^YZ_jfQ3a©























%R  . ¢8. ¸#A  ´    3
S@T'UVXWZYZ[Z\
Sf   2# 	
	
ceU   _qmYZMOQ^3\lPRQ[g\^3\lj_a¤h[]\lYZ_j`fWPR\lYZ[]_¯°²i ; \lWhn 5  \l[]Q#YZMOQ^`:`?[]nO_aWh\lYZQ*m­`f(Y]MOQ`f}¢Y]_j^3\l^Q3W?Y]Q[*i¢_8 Qf-Y]MOQ^`o`?[]n¢_jWh\lYZQ3m`fY]MOQ}2`?_aW:Y=x_aWYZMhQ#_jPe\lk?Q#[]QQ3[ZQ3Wh^Q 8mQ3Q 2kfO[]QSO B!
c¡L(`n¢Q hWhQYZMOQw}h\l[g\lPRQY]Q[gm ; ; \lW2n 5	5 i?jQY­^`fWhmZ_qn¢Q[	i   \lW2n  []Q3mZ}2Q*^YZ_jfQ3a©&YZMOQ{`o^3\ln¢_qmuYg\lWh^Qfi¢Y]MOQMO`f[]_j£`fW:Yg\lK\lWhn'YZMhQfQ[ZYZ_q^\f²mZ^3\ljQ= \?^Y]`f[gm#!QMh\5fQ!
 ;W;      5	5    
dlS!
c¡LMOQ^`:Q¡^_jQW:Y]mR`fnO_jmYZ`?[Y]_a`?W  ; \lW2n  5 \f[ZQ¬WoOj{_¯Y]MOQn¢_qmuY]`f[ZYZ_j`fW _jm¡WO`lY¡Yg\l®?QW _aW:YZ`\f^3^`fhW?Y*¨xwYZMOQ3[Z_qmQ?i  ; \fWhn  5 \f[ZQn¢QhWOQ3n¤o©eY]MOQ`fja`_jWOkRQ3~:h\lYZ_j`fWhm 
     ;  	 
       ;      5   	 
       5  	 
   / +  ; 
 +  5 
 5 d 




^`f[][ZQ*m},`fW2n¢QWh^QJj_jmYe¤o©¦}OhmZMO_jWOk`fWFYZMOQ¬¤O¢YZYZ`?W H  L ´, ©¥^j_j^g®o_jWOk!`fW:YZ` R  A  ´  i­YZMOQ hmZQ[
[]QY]O[]WhmYZ`bYZMhQPR\f_aW_jWhn¢`0_¯Y]MO`f¢Y{m]\5o_aWOk2









Kg!\faj`{m{Y]`'},Q[Z`f[]P \'mYZQ3[ZQ3`'^3\lj_a¤O[g\Y]_a`?W_aYZMyYZMOQb}h\lWhQ M J . J ¸ 8¢  7:YZQ3[ZQ3`'^3\lj_a¤O[g\Y]_a`?W
PRQ*\lWhm¨_aWJYZMO_qm­mZQ3^YZ_j`fWeY]`&}O[]`o_jnOQ{\}h\f_a[­`l},Q[gm},Q3^YZ_jfQwPe\lYZ[]_j^Q3m J& /  & '  \fWhnRY]`&^`?Pb}h¢YZQ=YZMOQ
hWhnO\lPRQ3W?Yg\lOPe\lYZ[]_¯°  ;  5 \fm]m`¢^_j\lYZQ3nYZ`Y]MO_jms}h\l_j[3-LMOQ{\?^^h[]\?^©`l,YZMhQ{Sª[]Q3^`fWhmYZ[]h^Y]_a`?WPe\5©Y]`o`b¤,QQ3mYZ_jPe\Y]Q3n'YZMh\fWO®¢mYZ`bYZMhQ}h\lWOQ3IM J0.J ¸ 8¢ 
	_jkfO[]QR (    A	´  M J0.J ¸  ¢
9   ?    ´  ¸2A  . 53
« YZQ3[&Y]`y^j_q^g®!`?W  .3 i-Y]MOQJhmZQ[RmZQjQ3^YgmY]MOQ'^3\lj_a¤h[]\lYZ_j`fW±[]Q3mZO¯Ygm 2aQ\fm]m`¢^_q\Y]Q3n!Y]`YZMhQ h[gmuY
^3\lPRQ[g\O-LMOQ hjQWh\fPbQPhmuY{Q3Whn'_¯Y]M  ^\l 
S@T'UVXWZYZ[Z\
S B   2# 	
	
9   ?   +  ´  ¸2A H(´  ¸#A ¹
« YZQ3[CYZ`^j_q^g®`fW
H(´  ¸2A ¹ ilYZMhQhmQ3[smQ3aQ*^Ygm	YZMOQ{^3\lj_a¤O[g\Y]_a`?W&[]Q3mZOaY]mhjQ{\fm]m`¢^_j\lYZQ3nYZ`Y]MOQ{mQ*^`?Whn
^3\lPRQ[g\O-LMOQ hjQWh\fPbQPhmuY{Q3Whn'_¯Y]M  ^\l 
9   ?   9  ´  ¸2A M J0.J ¸  ¢
©¡}hhmMh_aWOkR`?W M J . J ¸  ¢ i:YZMhQOWhnO\fPbQ3W:Y]\l(PR\lYZ[]_¯°'_jm^`fPR}O¢Y]Q3n²
« WOQ3 hjQb_qm^[]Q3\lYZQ3nn¢Q3m]^[]_a¤h_aWOkJYZMOQR¤,`lY]M},Q3mZ}2Q*^YZ_jfQRPe\Y][Z_q^Q*m=\fWhn Y]MOQOWhnO\fPbQ3W:Y]\lCPe\lYZ[]_¯°
nOQ3n¢h^Q3n'[]`fP Y]MOQP¬sLMO_qmWOQ3 hjQ_jmnO_a}Oq\5©fQ*nJ_jW \RmQ*^`fW2nJ_jWhn¢`
©J^a_q^g®o_aWhkb`?WGH  L ´,iOY]MOQhmZQ[Mh\?mYZMOQ\l¤O_ja_aYu©eY]`¡mZ\5?QwY]MOQWOQ ^[]Q3\lYZQ*nJ[]Q3mZOaY]m hjQ mZQQ hk?O[]Q
2 !
	_ak?O[ZQf,%H  ´  ´o¸ f .	¢ . ¸2A  ´    3
LMOQwWh\lPRQ`lKY]MOQ{[]Q3mZO¯YgmhjQ{QWhnhms_aYZM  OW g 7oh^gM¡\ hjQ_qms[]Q3~:O_j[ZQ*nY]`&muYg\l[ZYCYZMOQw}O[Z`¢^Q3m]mQ*m
},Q[Z`f[]PRQ3nY]MO[]`fOk?MYZMOQ}h\fWOQqm  0. 8¹ i  KJ \fW¢OYZMhQ¨OW2^YZ_j`fW2\lj_¯Yu© H 3O . 3 .8f  mZO¤hmZQ3^YZ_j`fW2 !
9   ?   ?  ´  ¸2A  @.
U 	YZMhQhmQ3[Mh\fmYg\l®?QWPR\fWo©¡}h\l_j[gm`l-_aPe\lk?Q3m¤o©¡hmZ_jWOkbYZMOQ H  ´  ´o¸ }h\lWhQdiOMOQPe\5©¡}2Q3[`?[ZP YZMOQ
mYZQ3[ZQ3` ^\lj_j¤O[]\lYZ_j`fW!¤o©y^j_q^g®:_jWOk¬`fW  @. LMOQ¡\?^^O[]\?^© `fY]MOQe[]Q3mZO¯Ygm_qm¤2QYY]Q[Y]Mh\lW_jWYZMOQ




L`mZQjQ3^Y&}h\l_j[gmi	YZMhQJhmZQ[Mh\fm{tuhmuYYZ`mZQjQ3^Y_jWYZMOQ hjQ'^gMO`o`?mZQ[  mZQQ hk?O[]Q¡h S!#Y]MOQ'nO_a[]Q3^YZ`lc
[]_jQ3mMO`:mQY]MOQ&}h[ZQO°'`f	Y]MOQWh\fPRQ_jmwrC\l_j[3  QQ3}O_aWhkeYZMOQ	7oMh_¯Y ®?Q©'MOQqnn¢`W \ljj`{m{\em2^gM
mZQjQ3^YZ_j`fW
	_ak?O[ZQO%H´  ´ f . ¸2A ¸#1 J	@. 
©}O2mMO_jWOk`fWYZMhQ¤h¢YY]`fWbYZ_aYZjQ3n  L ´ @> ´_jWbYZMOQ hjQ{^gMO`o`?mZQ[*i*YZMOQ2mQ3[	},Q[Z`f[]Pem	YZMOQmYZQ3[ZQ3`
^3\lj_a¤h[]\lYZ_j`fW




« YZQ3[}OhmZMO_aWhk`?W¡YZMhQ#¤h¢YY]`fW H 3O . 3 .8f ioYZMOQhmZQ[h[gmuYmZQjQ3^Ygm\mYZQ3[ZQ3`b^3\lj_a¤O[g\Y]_a`?W¡[]Q3mZO¯Y hjQfi
_d Qf\ 2aQ¡Mh`?mZQ¡Wh\lPRQ'QWhnOm&_¯Y]M  OW   mZQQ hk?O[]Q¡h  LMOQWi-_jW±YZMhQ'mZQ3^`?Whn hjQ'^gMO`o`:mQ3[
Mh_j^gM}2`?}hmO} 8mQ3Q 2kfO[]Qh ioY]MOQhmZQ[{mZQjQ3^Y]m\Rn¢_j[ZQ*^YZ`?[Z©eMh`?mZQ=Y]MOQ}O[]Q O°'_jm rC\l_j[ 
S@T'UVXWZYZ[Z\
S?   2# 	
	
_jkfh[ZQf, H(´  ´ l8. ¸#A ¸21 !3 ´  ´:¸ ? . ¢8. ¸#A  ´    3    ´
	_jkfO[]QlS,%H 3¢8. 3 .8fRO* ¸  . ¢ ´ ¹F ¸ GJ-@.  ¸21 + J¶ 9    ´ 
LMOQ&j\?muYwmZQjQ3^YZ_j`fW¬mO}h}2`:mQ*mYZMh\lYYZMOQ&hmQ3[YZ`o`?®¡}OMO`fYZ`?m{`l	YZMOQ&mZ},Q3^_q\l(`f¤¢tuQ*^Y{¤o©JhmZ_jWOkRYZMOQ
}2\lWOQ3 H  ´  ´:¸ 7:Y]\lYZ_qmuY]_j^3mw\f[ZQ&\fjmZ`¡\lOYZ`fPe\lYZ_q^\ljj©'^`?PR}O¢YZQ*n[Z`?P Yu`J wcXS^`f[][ZQ*m},`fW2n¢QWh^Q






LMhQmuYg\YZ_qmYZ_q^me\l[]Q n¢_qm}Oq\5©fQ*n¦_jWª\}2`?}O}2Q*n O} _aWhnO` LMOQ©¦k?_a?Q¬_aW¢`?[ZPe\lYZ_j`fWhme\f¤2`?¢YeYZMOQ
S  [ZQ*^`?WhmuY][Z2^YZ_j`fW\f^3^O[g\f^©e_aWYZMhQ}h\l[ZYZ_q^Oq\l[mZ}h\f^Q\l[]Q3\}O[ZQ3o_a`?hmj©¡n¢QhWOQ3n
	_ak?O[ZQl %H *¢ .88. ? ´    3
9   ?    ´  ¸2A MON .
U Yw\faj`{m­YZMOQ2mQ3[YZ`RQ°¢_aY3
S@T'UVXWZYZ[Z\








	_jkfO[]Qf,   A	´   6. ¹
9      ´  ¸2A M J0.J ¸  ¢
	_j[]mY3ioY]MOQhmZQ[Mh\5?QwY]`ea`:\fnJYZMOQhWhnO\lPRQ3W?Yg\l²Pe\Y][Z_a°J¤o©'^a_q^g®o_aWhk`?W'Y]MOQ¤O¢YZYZ`?W M J . J ¸  ¢ 
LMhQ 2aQWh\fPRQ#`fY]MOQOWhnh\lPRQW:Y]\f²Pe\YZ[]_a°JQWhnhm_¯Y]M  OW 
9     +  ´  ¸2A   A  J ¸  ´
UXW¥YZMOQ}h\fWOQ M J0.J ¸ 8¢ iCYu`y^\fa_j¤O[g\Y]_a`?W¦[ZQ*mh¯Ygm hjQ3mR\f[ZQ'a`:\fn¢Q*n²¦LMOQ¬^`fPR}OOY]\Y]_a`?W¥`f{YZMOQ





9     9  ´  ¸2A  . 53
LMhQ#2mQ3[a`:\fnJYZMOQ h[gmY_jPe\lk?Q#¤,Qj`fWhkf_jWOkbYZ`bYZMOQmYZQ3[ZQ3`R}h\l_j[{\Y]Q[YZ`R}O2mM¬`fW  .3 
9     ?  ´  ¸2A H(´  ¸#A ¹
LMhQ#2mQ3[a`:\fnJYZMOQmZQ3^`fWhn'_aPe\fkfQ¤2Q3a`?WOkf_jWOkbYZ`bY]MOQmuY]Q[]Q`b}h\l_j[{\Y]Q[Y]`R}OhmZM`?WEH(´  ¸#A ¹ 
	_ak?O[]QCB,  .3 .¦@> ´
S@T'UVXWZYZ[Z\
o   2# 	
	
	_ak?O[ZQ  %H´  ¸#A ¹ . ¦@> ´
©'^a_q^g®o_aWhk`?W'Y]MOQPR`fhmZQ¤O¢YZYZ`fW(#_jWYZMOQ 2[]mY_aPe\lk?Q  mZQQ hk?O[ZQ¢ iO\RPe\Y]^gMhQ3n'}2`?_aW:Y{_jW
Y]MOQemQ*^`?Whn_jPe\lkfQR_qm^`fPR}OOYZQ3n  mZQQ hk?O[]QRO S RLMOQRPR\?^gMOQ3n}2`?_aW:Y¤,Qj`fWOk:m#YZ`'YZMOQeQ3}O_a},`fq\l[
j_jWOQ{n¢[g\5W&_jWe¤OahQf	U Ys¤2Q3a`?WOk?m	Y]`:`Y]`\_aWhnO`¥MO`:mQYZMhQ{m_j£Q_qmCn¢Q 2WOQ3nb¤o©mZQYZYZ_jWOk#YZMOQw^O[gm`?[





U Y]MOQJQ3}O_a},`fq\l[a_jWOQJnO`:Q*mW  Y^`fW:Y]\f_aWY]MOQJ[]_jkfM:YPe\Y]^gMhQ3n},`f_jW?Y*i	YZMOQ'hmQ3[mZMO`fhjn±^a_q^g®y`?WYZMOQ
¤h¢YY]`fW   A  J ¸  ´e_jW¬`f[gn¢Q[YZ`e`f[]®e_aYZMYZMOQ^`f[][ZQ*^YQ}O_j},`fq\l[kfQ3`fPRQY][Z©?
« YZQ3[R\y^j_j^g®`?W±YZMOQPR`fhmZQJ¤h¢YY]`fWhShis_aW¦YZMOQh[gmuYR_aPe\fkfQfi	Y]MOQS  ^`o`f[gn¢_jWh\Y]Q3m&\?mZmZ`¢^_q\Y]Q3n!YZ`
Y]MOQ}h\f_a[`fPe\Yg^gMOQ3n'}2`?_aW:Ygm{\l[]Q#^`fPR}O¢Y]Q3n²sLMhQ[ZQ3}O[Z`ftuQ3^YZQ3nJ}2`?_aW:Ygm{\l[]Q#nO[]\5W_aW¬k?[ZQ3QW
#ªMhQWF\S }2`?_aW:Yb_jm[ZQ*^`?WhmuY][Z2^YZQ*n²i-_¯YgmR^`o`f[gn¢_jWh\Y]Q3m&\f[ZQ'mZ\5?Q3n±\lW2n¦\j_¯YZYZjQ'[]Q3n¥mZ~:h\f[ZQJ^`fW¢c





_jkfh[ZQl  9   ´  ¸#A 3 	l ´ ¹ J ¸ . A 3
© []Q},Q3\Y]_aWhk'\lqmZ`eYZMOQb}O[]`¢^Q3nOO[ZQPe\lWo©YZ_jPbQ*mi,Y]MOQ2mQ3[=¤Oh_aqnOm\'S Pe\f}LMOQj_aYYZjQb[ZQ*n
m]~:h\l[]Q3m[]Q}O[]Q3mZQW:YYZMOQ[]Q3^`fWhmYZ[]h^YZQ3nJ}2`?_aW:Ygm
U hYZMOQhmZQ[	\fW:YY]`=Q3[]\?mQ¨YZMOQj\?muY-[]Q3^`?WhmYZ[]h^Y]Q3nS F},`f_jW:Y3ilMhQ­Mh\?mYZ`#}OhmZM`?WYZMOQ¤OOYYZ`?W : A ¹ ¸
_jW!YZMOQJ_aWhnO` ^`fW:Y]\f_aWO_jWOkYZMhQ¡mQ*^`fW2ny_jPe\lk?Q 8mQ3Q hkfh[ZQJO S JLMOQe¤h¢YY]`fW J´  ´  \faj`{m#YZ`
Q3[]\?mQY]MOQ#MO`fjQwS []Q3^`?WhmYZ[]h^Y]Q3nR},`f_jW?YgmCLMOQ=a_qmY­`l²Y]MOQ=mZ}h\?^Q{},`f_jW:Y]m­PR\5©R},`?m]m_j¤Oj©¤,Q=m]\5fQ*n
¤o©J^a_q^g®o_aWhkb`?WJY]MOQ¤O¢YZYZ`?W H  L ´,
9      ´  ¸2A  ¢5. 
©¡}hhmMh_aWOkR`?W  O*.8 ioY]MOQhmZQ[{n¢QYZQ3^Y]m},`f_jW:Y]m`f	_jW:YZQ[]Q3mY_aWY]MOQ¤2`fYZM¬_jPR\fkfQ*m
S@T'UVXWZYZ[Z\
?   2# 	
	




LMhQ'hmZQ[RMh\?mYZMOQ¬\l¤O_jj_¯Yu©Y]`nOQ hWOQ'YZMhQ PR_aWh_aPOP _jW?Y]Q[]Q3mY J`f{YZMOQ n¢QYZQ*^YZQ*n¥},`f_jW:Y]mb¤o©¦mQYc
Y]_aWhk'Y]MOQ¡^h[]mZ`f[#YZ`Y]MOQe_aW:Y]QWhn¢Q*n!5\fahQR\lYZQ3[&^j_j^g®o_jWOk`fW!r-\f[]\fPRQYZQ3[]m   O_jjn   v\l}eU YZMOQ




	_ak?O[]Q#S?,  ¢  ´  ´ 5 1 ¸ ¡  ´ J- A	´ 8  0. 8¹  A ¹  @J
LMOQPe\l°o_jP&hPn¢_qmuYg\lWh^Q`f,\#Pe\Yg^gMOQ3n}2`?_aW:YCY]`\#k?_a?QWbQ}O_j}2`?j\f[-a_jWOQ{^\fWb\fjmZ`#¤2Q{n¢QhWOQ*n&¤o©
[g\lWhkf_jWOkbYZMOQ&^O[gm`?[ n¢_qmY]\lW2^QYZ`¡YZMOQQ3}O_j}2`?j\f[{a_jWOQ _jW¬YZMOQn¢_j\fa`?ke`f},QWOQ*nYZMO[]`fhkfM¬rC\l[g\lPRQY]Q[gm
  O_jjn   v\l}  mZQQ hk?O[]QO B 
U =YZMOQ¬hmZQ[e^a_q^g®¢mb\fk?\f_aW¦`?W  ¢5.  isY]MOQ \l}O}ha_q^\lYZ_j`fW¥[]QY]O[]Whmb_aWFYZMOQ¬_jWO_aYZ_q\lPR`¢n¢Q'YZMOQ¬hmZQ[
Pe\5©JmZQjQ3^Y}2`?_aW:Y]mMh_j^gM \l[]QWO`lYWOQ*^Q*mZm]\l[]_aj©e},`f_jW?Ygm`l-_aW:Y]Q[]Q3mY3






PB   2# 	
	
	_jkfO[]QSO! ( ¸ ¥¢ .8J 6. ¹0. A > ¸#1 9  J ¸ . A 3
LMOQ!}O[]`¢^Q3m]mRYg\l®fQ*m'\?^^`fOW:YJ`fYZMOQ!}h\l[g\lPRQYZQ[gmeMO`:mQYZMOQ!\ljOQ3m\l[]QmZQY'_jW Y]MOQynO_j\fa`?k
rC\f[]\fPbQYZQ3[]m   O_aqn <v\f}-LMOQ{n¢_,Q3[ZQ3W?Ys}2\l[g\lPRQY]Q[gm\f[ZQn¢QhWOQ3nb_jWbYZMOQ}O[]Qo_j`fhm-mZO¤hmZQ3^YZ_j`fW









	_jkfO[]QS?   KJ J- A	´ 
9      ´  ¸2A DA .
© }O2mMO_jWOk¬`fWYZMOQR¤OOYYZ`?W DA .  i²Y]MOQRhmQ3[¤2`fYZM!_aWO_aYZ_q\lj_j£Q3m#Y]MOQe^\f[]n`l\?^~:O_qm_aYZ_j`fWy\lWhnya`:\fnOm
Y]MOQOWhnh\lPRQW:Y]\f²Pe\YZ[]_a°K
9     +  ´  ¸2A   A  J ¸  ´
UXWRY]MOQ{}h\fWOQ#M J . J ¸ 8¢ iYZMOQwOWhnO\fPRQW:Y]\fhPe\Y][Z_a°_qm¨^`fPR}O¢Y]Q3nb[]`fPYu`},Q[gm},Q3^YZ_jfQ{Pe\Y][Z_q^Q*m
U Ygmb5\fahQ¬nOQ},QWhnOmR_jW }h\l[ZYZ_q^Oq\l[b`fW¥YZMOQ¬`?[]n¢Q3[`fwY]MOQ¬a`:\fn¢_jWOk`fwY]MOQYu­` haQ*m   A  J ¸  ´
\faj`{m­YZ`e^`?[Z[]Q3^Y{\j`?\?n¢_jWOk_jW \b[Z`?WOk`?[]nOQ[*
9     9  ´  ¸2A H· .3 
©¡}hhmMh_aWOkR`?W'Y]MOQ¤O¢YZYZ`?W H· .*  i¢Y]MOQhmZQ[{mZ_¯Yg^gMOQ3mY]MOQ}h\l_j[`l-^\fWh\lqm
9     ?  ´  ¸2A F ¢
U Yw\faj`{m­YZMOQ2mQ3[YZ`R}2Q3[Z_j`¢n¢_q^\ljj©¡kf[g\l¤'}h\l_j[]m`f_jPe\lkfQ*m
LMhQ#2mQ3[{mMO`?Oqn'},`?m]mZ_a¤Oj©J^a_q^g®¡`fW H· . 3  Y]_aj²YZMhQmuY]Q[]Q`R}h\l_j[gm­_qmo_jQQ3n²
9      ´  ¸2A  @J
U ,YZMhQhmQ3[]mC^a_q^g®¢m-`fW  KJ i?\S PR\f}_qmC},Q[]_a`¢n¢_q^\faj©¤Oh_aaY3CLMOQ[]Q}O[]`ltuQ*^YZQ*n&},`f_jW:Y]mC\f[ZQmZMO`W
_aYZM mZQ?Q[g\l²^`?a`?[]m3
U CY]MOQ&[]Q}h[Z`ftuQ3^Y]Q3n},`f_jW?Ygmwn¢`JWO`lY#PR\lY]^gM\lY=\lj8i2YZMhQ&hmZQ[#mMO`?Oqn ^j_j^g®`fW   A  J ¸  ´JYZ`J­`?[Z®
_aYZMY]MOQ[Z_jkfM:YQ}h_a},`fq\l[kfQ3`fPRQY][Z©?
LMhQ}h[Z`¢^Q*mZmbYg\l®?Q3mR\f^3^`fhW?Ye`f=Y]MOQ¬}h\l[g\lPRQY]Q[gmbMO`?mZQYZMOQ \ljOQ*me\l[]Q¬mZQYe_jW YZMOQn¢_q\lj`fkrC\c
[g\lPRQYZQ[gm   ­h_aqn  v\f}sLMOQn¢_,Q3[ZQ3W?Y{}2\l[g\lPRQY]Q[gm\f[ZQn¢QhWOQ3n_jWYZMOQ}O[]Qo_j`fhmmZQ3^YZ_j`fW
S@T'UVXWZYZ[Z\
:   2# 	
	
9      ´  ¸2A HIA @J
LMhQ#2mQ3[{^\lW¬mZWh\l} \RmuY]Q[]Q`b}h\l_j[¤o©¡}OhmZMO_jWOke`fW  KJ 
U Y_qm#}h\l[ZYZ_q^Oq\l[]j©2mQO-YZ`¬^gMOQ3^g®¬Y]MOQR~?2\lj_¯Yu© `f¨YZMhQbPe\lY]^gMO_jWOkh « qm`2i²_¯­YZMOQRPe\Yg^gMO_aWhk'mZQQPem
[]`fWhkhi5YZMhQhmQ3[smMh`fOqnb}OhmZMb`?W&Y]MOQ¤O¢YZYZ`?W   A J ¸  ´YZ`#Y][]\fWhm},`?mZQYZMOQhWhnO\lPRQ3W?Yg\lOPe\lYZ[]_¯°
\fWhn\lqm`R`f[]®e_¯Y]M'Y]MOQ[]_ak?M?YQ3}O_a},`fq\l[k?Q`fPRQYZ[]©f






Unité de recherche INRIA Rhône-Alpes
655, avenue de l’Europe - 38330 Montbonnot-St-Martin (France)
Unité de recherche INRIA Lorraine : LORIA, Technopôle de Nancy-Brabois - Campus scientifique
615, rue du Jardin Botanique - BP 101 - 54602 Villers-lès-Nancy Cedex (France)
Unité de recherche INRIA Rennes : IRISA, Campus universitaire de Beaulieu - 35042 Rennes Cedex (France)
Unité de recherche INRIA Rocquencourt : Domaine de Voluceau - Rocquencourt - BP 105 - 78153 Le Chesnay Cedex (France)
Unité de recherche INRIA Sophia Antipolis : 2004, route des Lucioles - BP 93 - 06902 Sophia Antipolis Cedex (France)
Éditeur
INRIA - Domaine de Voluceau - Rocquencourt, BP 105 - 78153 Le Chesnay Cedex (France)  	


  
ISSN 0249-0803
